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Abstract. We provide satellite-based evidence of the spectral 
dependence of absorption in biomass burning aerosols over 
South America using near-UV measurements made by the 
Ozone Monitoring Instrument (OMI) during 2005-2007. In 
the current near-UV OMI aerosol algorithm (OMAERUV), 
it is implicitly assumed that the only absorbing component 
in carbonaceous aerosols is black carbon whose imaginary 
component of the refractive index is wavelength indepen- 
dent. With this assumption, OMI-derived aerosol optical 
depth (AOD) is found to be significantly over-estimated com- 
pared to that of AERONET at several sites during intense 
biomass burning events (August-September). Other well- 
known sources of error affecting the near-UV method of 
aerosol retrieval do not explain the large observed AOD dis- 
crepancies between the satellite and the ground-based obser- 
vations. A number of studies have revealed strong spec- 
tral dependence in carbonaceous aerosol absorption in the 
near-UV region suggesting the presence of organic carbon 
in biomass burning generated aerosols. A sensitivity anal- 
ysis examining the importance of accounting for the pres- 
ence of wavelength-dependent aerosol absorption in car- 
bonaceous particles in satellite-based remote sensing was 
carried out in this work. The results convincingly show 
that the inclusion of spectrally-dependent aerosol absorption 
in the radiative transfer calculations leads to a more accu- 
rate characterization of the atmospheric load of carbonaceous 
aerosols. The use of a new set of aerosol models assum- 
ing wavelength-dependent aerosol absorption in the near- 
UV region (Absorption Angstrom Exponent A -2 - 5 10 _3, °) 
improved the OMAERUV retrieval results by significantly 
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reducing the AOD bias observed when gray aerosols were 
assumed. In addition, the new retrieval of single-scattering 
albedo is in better agreement with those of AERONET within 
the uncertainties (ASSA = ±0.03). The new colored car- 
bonaceous aerosol model was also found to reproduce the 
ground-based AOD observations over the biomass burning 
region of central Africa and northern India. Together with 
demonstrating a significant improvement in the retrieval of 
aerosol properties from OMI, the present study highlights 
the greater sensitivity of the near-UV measurements to the 
varying spectral aerosol absorption. This capability can be 
explored further for the use in the identification of the black 
carbon and organics in the biomass burning aerosols. 


1 Introduction 

Biomass burning is a major source of carbonaceous aerosols 
in several regions of the world, the tropics in particular, 
where it contributes a significant fraction of the observed 
aerosol optical depth, AOD, (Venkataraman et al., 2005; 
Chand et al., 2006) The Amazonia region in South Amer- 
ica accounts for about one third of total biomass burning 
activities in the tropics most of which takes place during 
the August-October period (Chand et al., 2006). The emis- 
sion of huge amount of aerosols during these events changes 
the physical and optical properties of aerosols dramatically 
relative to the background level over this region (Guyon et 
al., 2003). The aerosols produced by biomass burning con- 
tain dominant carbonaceous compounds such as black car- 
bon (BC) or soot, and organic carbon (OC) also referred to 
as brown carbon (Andrea and Gelencser, 2006). While BC 
is the most efficient known absorber of light in atmosphere. 
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the evidence on the presence of OC in the biomass burn- 
ing aerosols has been presented by several studies (Kirch- 
stetter et al., 2004; Bergstrom et al., 2007; Russell et al, 
2010). These studies show that though the wavelength de- 
pendence of BC and OC absorption is spectrally flat at wave- 
lengths longer than about 600 nm, OC aerosol absorption de- 
parts from spectral neutrality in the blue and near UV regions 
where a steep increase in absorption with decreasing wave- 
length is observed. Because of the radiative impacts on the 
Earth’s radiation budget and climate, carbonaceous aerosols 
have received a great amount of attention by the atmospheric 
science community. 

The aerosol physical and optical properties and associ- 
ated spatial and temporal variability over the Amazon basin 
have been studied and reported by several investigations us- 
ing ground-based, suborbital (Eck et al., 1998; Martins et al., 
1998; Reid et al., 1998) as well as satellite observations (Ko- 
ren et al., 2007; Torres et al., 2010). In addition to aerosol 
data collected during specific field campaigns, the sunpho- 
tometers installed as a part of AErosol RObotic NETwork 
(AERONET) at several sites in the region also provide re- 
motely sensed high quality data on aerosol optical properties 
(Holben et al, 1998). 

Multi-year long data records on aerosol optical depth col- 
lected from several satellite borne sensors like Total Ozone 
Measuring Spectrometer (TOMS) (Torres et al, 2002), 
Moderate-resolution Imaging Spectroradiometer (MODIS) 
(Remer et al, 2005; Levy et al, 2007), Multiangle Imaging 
Spectroradiometer (MISR) (Kahn et al, 2005), and Ozone 
Monitoring Instrument (OMI) (Torres et al, 2007; Ahn et 
al, 2008) document the long-term evolution of the carbona- 
ceous aerosol load associated with the burning of forest and 
agricultural waste in Amazonia. Because of the known sensi- 
tivity of near-UV observations to aerosol absorption (Torres 
et al, 1998, 2007), satellite observations by the TOMS and 
OMI sensors are specially suited for the detection and char- 
acterization of BC and OC containing aerosol particles. 

Figure 1 shows the September 2007 monthly mean spa- 
tial distribution of the atmospheric aerosol load over South 
America in terms of the Aerosol Index (Al) derived from 
OMI observations. Al is derived from the change in the spec- 
tral dependence of the back-scattered UV radiance induced 
by aerosols relative to the Rayleigh scattering between 354 
and 388 nm (Herman et al, 1997; Torres et al, 1998, 2007). 
It is a useful qualitative indicator of the presence of absorb- 
ing and elevated aerosols, such as biomass burning plumes 
and dust aerosols. The spatial distribution of Al shows high 
values over the central part of South America indicating the 
presence of large amounts of absorbing aerosols, and rela- 
tively lower Al values towards the south. 

In addition to deriving Al, OMI-measured near-UV radi- 
ances at 354 and 388 nm are used as input to an inversion 
algorithm (OMAERUV) to derive AOD and single scatter- 
ing albedo (SSA) at 388 nm. As with any aerosol inver- 
sion procedure retrievals are derived based on certain as- 


Fig. 1. Monthly mean UV aerosol index derived from OMI for 
September 2007 over South America. Depicted inside are locations 
of seven AERONET stations whose data was used in this study. 

sumptions made in the algorithm; therefore, their assess- 
ment against accurate ground-based measurements is neces- 
sary. In the present study, we evaluate the OMAERUV re- 
trieved aerosol parameters by comparison to AERONET ob- 
servations over selected stations in South America’s biomass 
burning region (see Fig. 1), and examine the implication of 
OMAERUV assumptions with emphasis on the spectral de- 
pendence of aerosol absorption. Section 2 briefly describes 
the OMAERUV aerosol inversion procedure and dataset used 
in the analysis. The outcome of the standard OMAERUV- 
AERONET comparison and possible causes of the resulting 
differences are discussed in Sect. 3. Section 4 presents the 
results and interpretation of a sensitivity analysis in which 
the response of Al to varying spectral absorption has been 
analyzed. The findings of the limited ground-based stud- 
ies on the spectral aerosol absorption are also discussed in 
Sect. 4. The comparison of new OMAERUV retrievals which 
are based on theoretical calculations and ground-based ob- 
servations (Sect. 4) is presented and discussed in Sect. 5. 
Section 6 summarizes the results and main conclusions of 
the present study. 


2 A brief description of OMAERUV aerosol inversion 
and dataset 

The UV part of the solar spectrum has distinct and unique ad- 
vantages for the characterization of aerosol properties. Most 
surfaces, including visibly bright desert appear dark due 
to low surface reflectivity at UV wavelengths. This is a 
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favorable condition as it leads to less surface contamination 
in total signal at top-of-atmosphere. Secondly, multiple inter- 
actions of Rayleigh-scattered radiation with aerosols provide 
an opportunity to infer the aerosol absorption under clear as 
well as cloudy conditions (Torres et al., 1998, 2007). 

OMI is a successor of the TOMS series of instruments 
with hyper-spectral imaging capability at higher spatial reso- 
lution (13 x 24 km 2 at nadir) than other UV-capable sensors 
[GOME, GOME-2 SCIAMACHY]. OMI takes advantage of 
the greater sensitivity of near-UV radiances to the varying 
load and types of aerosols to derive extinction aerosol op- 
tical depth, SSA at 388 nm, and absorption AOD using an 
inversion procedure. Currently, the OMAERUV algorithm 
assumes a set of “gray” aerosol models, meaning there is 
no wavelength dependence in absorption (i.e. imaginary re- 
fractive index), to derive aerosol properties over the biomass 
burning regions. These models are representative of aerosol 
types whose absorption properties are mainly driven by the 
presence of black carbon. The associated particle size distri- 
butions were adopted from multi-year AERONET measure- 
ments over the major biomass burning regions of the world 
(Torres et al., 2007). Near UV surface albedo is prescribed 
making use a TOMS-based monthly climatology similar to 
that of Herman and Celarier (1997) in which the minimum 
reflectivity over a 14-yr period is assumed to be an adequate 
representation of the actual surface with minimum aerosol 
and cloud interference. In the tropics, the aerosol profile is 
represented as a single layer with aerosol number density 
concentration described by a Gaussian distribution of peak 
concentration at 3 km. Using these assumptions as an input to 
the radiative transfer code, the top-of-atmosphere radiances 
at 354 and 388 nm are generated at several geometries and 
varying / aerosol optical depth (AOD) and single scattering 
albedo (SSA). Thus, a set of measured radiances at two UV 
wavelengths is associated with a set of AOD and SSA val- 
ues. The retrieved aerosol parameters are converted to 354 
and 500 nm using the spectral dependence associated with 
the assumed aerosol model. 

The OMAERUV algorithm uses a combination of the ob- 
served Lambertian Equivalent Reflectivity (LER) at 388 nm 
( 1 ? 388 ); the difference between top of the atmosphere mea- 
sured reflectivity and surface reflectivity (A If); and the 
Aerosol Index in a scheme to assign a flag number to each 
retrieval which classifies the quality of the retrieval prod- 
uct in terms of the level of sub-pixel cloud contamina- 
tion. As per the current quality flag scheme, retrievals 
flagged 0 (A if < 0.04 for dust and sulphate; A if < 0.08 for 
biomass burning, and UVAI> 1.0; A if = TOA reflectivity- 
surface reflectivity) are considered minimally affected by 
sub-pixel cloud contamination, whereas retrievals with flag 
1 (if 388 < 0.30 and UVAI > 1.2) are deemed to be affected 
by sub-pixel cloud contamination and therefore the reported 
AOD and SSA values are not reliable. A more detailed de- 
scription of the OMI UV aerosol algorithm is presented in 
Torres et al. (2007). We use the OMI Level 2 OMAERUV 


Collection 3 aerosol product, including aerosol optical depth 
at 388 nm, UV aerosol index, single-scattering albedo, and 
radiance at these channels in our analysis. The spatial res- 
olution of these datasets is 1 3 x 24 km 2 at nadir. We have 
considered aerosol retrievals with quality flag 0 and 1 when 
comparing against AERONET measurements. 

AERONET is a ground-based worldwide network of 
Cimel sunphotometers that measure the extinction aerosol 
optical depth at seven wavelengths (340, 380, 440, 500, 670, 
870, 1020nm) using the direct sun measurements (Holben et 
al., 1998). The AOD measurements are accurate to within 
±0.01 in the visible and ±0.02 in the near-UV (Holben et 
al., 1998). AERONET also retrieves aerosol optical and par- 
ticle size distribution properties by fitting the direct sun AOD 
measurements and angular sky radiance at four wavelengths 
(440, 675, 870, 1020nm) to radiative transfer calculations 
(Dubovik and King, 2000). In this study, we use AERONET- 
derived Level 2.0 (cloud-screened and quality assured) AOD 
and SSA for the evaluation of OMAERUV aerosol retrievals 
over South America, central Africa, and northern India. 

The validation of OMI aerosol products is an ongo- 
ing activity. Torres et al. (2007) compared the OMI- 
derived AOD with that of AERONET direct sun measure- 
ments and found that under minimum cloud interference the 
OMAERUV retrievals agree well with AERONET AOD ob- 
servations yielding root-mean-square error =0.26 and cor- 
relation =0.74. OMAERUV-AERONET comparison of de- 
rived SSA indicates that 73 % of the analyzed OMAERUV 
SSA retrievals were within ±0.05 of AERONET inversions. 
Ahn et al. (2008) have compared the OMl-derived AOD with 
that of MODIS and MISR and found that in spite of a posi- 
tive offset of 0.15, the OMI retrievals showed a high degree 
of correlation with the two independently derived quantities. 
Also, OMI was found to capture the seasonal and annual cy- 
cles of aerosols over major biomass burning and mineral dust 
emission sources. 


3 Evaluation of standard OMAERUV aerosol optical 
depth over South America 

3.1 OMAERUV vs. AERONET comparison 

A comparison of OMI-derived with AERONET-measured 
AOD’s was carried out over a four-year period (2005-2008) 
at the seven AERONET sites in Table 1 . For the comparison 
of the spatial satellite retrievals with point measurements, we 
adopted a collocation scheme in which the OMAERUV re- 
trievals were averaged in a grid box of size 0.5° by 0.5° cen- 
tered at AERONET site and compared them with the tem- 
porally averaged AERONET measurements within ±30 min 
of OMI overpass. Also, note that the AERONET AOD mea- 
surements are available at 340 nm and 380 nm in the near- 
UV and 440 nm in the visible. Therefore, using the Ex- 
tinction Angstrom Exponent in this range the AERONET 
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Table 1. Geolocation data and mean aerosol optical depth at 500 nm at seven AERONET station in South America. 


Station Name 

Latitude 

Longitude 

Elevation 
(in meters) 

Data period 

Mean AERONET 
AOD (500 nm) 

Alta Floresta 

-9.871 

-56.104 

277 

Oct 2004-Dec 2007 

0.93 

Rio Branco 

-9.957 

-67.869 

212 

Oct 2004-Feb 2008 

0.95 

Ji Parana 

-10.934 

-62.852 

218 

Jun 2006-Sep 2008 

0.74 

Cuiaba Miranda 

-15.729 

-56.021 

210 

Oct 2004-Nov 2007 

0.73 

Santa Cruz Utepsa 

-17.767 

-63.201 

432 

Sep 2006-Oct 2007 

0.80 

Santa Cruz 

-17.802 

-63.178 

442 

Oct 2004-Mar 2006 

0.68 

Campo Grande Sonda 

-20.438 

-54.538 

677 

Oct 2004— Sep 2008 

0.34 


measurements were interpolated to 388 nm to match with the 
wavelength of the OMI retrieval. 

Figure 2 shows the comparison of collocated OMAERUV 
AOD (y-axis) with that of AERONET (x-axis) for the seven 
stations over South America. OMAERUV data with quality 
flag 0 and 1 are used in the comparison. Clearly, all OMI 
AOD retrievals with quality flag 1 and few with flag 0 are 
significantly over-estimated with respect to the AERONET 
measurements. Also, all retrievals with quality flag 1 fall 
outside the expected OMAERUV uncertainty range (larger 
of 0.1 or 30%). Though, the OMI-AERONET correlation 
is high (0.87), the large over-estimation in quality flag 1 re- 
trievals led to the root-mean-square error of about 1.5. While 
all retrievals with quality flag 1 in Fig. 2 that represent con- 
ditions of AI>1 and Rggg up to 0.30 are collocated with 
higher values of AERONET AOD (up to 4 at 380 nm), most 
data with flag value zero were confined within a lower AOD 
regime (AERONET AOD < 1). As per the current scheme of 
assigning the quality flags, the OMAERUV algorithm treats 
the most absorbing data (flag 1) as of degraded quality. This 
is because the higher reflectivity is assumed to be associated 
with the possible sub-pixel cloud contamination. However, 
large values of UV-AI for these measurements indicate the 
presence of absorbing aerosols over those pixels. The follow- 
ing section discusses the extent of possible sub-pixel cloud 
contamination associated with high reflectivity and elevated 
AI cases. 

3.2 Analysis on possible causes of AERONET- 
OMAERUV differences 

The main source of uncertainty in the application of the near- 
UV technique to OMI observations is sub-pixel cloud con- 
tamination associated with the large size of the OMI foot- 
print. The second most important source of uncertainty is 
the dependence on the assumed aerosol layer height. Other 
possible sources of error include surface albedo effects, and 
aerosol model assumptions on particle size distribution and 
refractive index. The observed AOD over-estimations, how- 
ever, are too large to be simply explained by sub-pixel cloud 
contamination, surface reflectance effects or assumed parti- 
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Fig. 2. Scatter-plot of the co-located aerosol optical depth (388 nm) 
between OMI (y-axis) and AERONET (x-axis) for selected seven 
stations over the biomass burning region of South America. OMI 
data with flag 0 (square) and flag 1 (plus sign) were used in the 
comparison. The dashed lines are pre-calculated uncertainty (larger 
of 0.1 or 30 %) in the OMI AOD retrieval. 


cle size distribution. The surface albedo in the UV region 
is low compared to that in the visible region and, therefore, 
the error in the aerosol retrieval produced by the uncertainty 
associated with surface albedo is expected to be very low. 

In the near UV approach of aerosol retrieval the AOD 
can be over-estimated if the aerosol layer height is under- 
estimated. For carbonaceous aerosols, the AOD is overes- 
timated by 10% per 1km under-estimation (Torres et al., 
1998). Thus, to explain errors of 100 % and larger in terms 
of the prescribed aerosol height, the “actual” location of the 
aerosol layer would need to be at least 13 km above the sur- 
face which is clearly unrealistic. The assumed vertical distri- 
bution is actually consistent with direct measurements by the 
CALIOP lidar. 

The Cloud-Aerosol Lidar and Infrared Pathfinder Satel- 
lite Observation (CALIPSO) satellite as a part of the A-train 
constellation measures the vertical profile of back-scattered 
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radiation attenuated by clouds and aerosols over the globe. A 
visual inspection of several CALIPSO overpass images avail- 
able at http://www-calipso.larc.nasa.gov/ over the biomass 
burning region show maximum back-scatter due to aerosols 
to be around 3 km height. For instance, for an aerosol event 
observed on 2 September 2007, the OMAERUV algorithm 
derives a 388 nm AOD of 6 in the Alta Floresta region with 
an UV aerosol Index of 2.29, whereas AERONET measures 
AOD of 3.68 at about the same wavelength. The CALIPSO 
overpass shows an aerosol back-scatter peak at around 3 km 
height over the same region for the same day. This suggests 
that the height of aerosols assumed by the OMAERUV stan- 
dard algorithm is likely to be correct over this region and any 
small departure from the true aerosol height cannot explain 
the large over-estimation in OMI AOD retrieval. 

Given the OMI footprint size of 13 by 24 km 2 , there is 
a possibility of the presence of sub-pixel cloud contamina- 
tion. In order to verily the effect of sub-pixel size clouds, 
several OMAERUV-AERONET matchups were analyzed in 
conjunction with corresponding MODIS true-color RGB im- 
ages (http://rapidfire.sci.gsfc.nasa.gov/). Figure 3 shows one 
such case of a smoke event observed over Alta Floresta re- 
gion on 19 September 2005. This RGB image is a sub- 
set of L2 5-min swath (or granule) centered at Alta Flo- 
resta AERONET site. A box of size 0.5 deg by 0.5 deg 
shown around the center of image is the region over which 
the OMAERUV retrievals were extracted and compared with 
AERONET. In this case and several others (not shown here), 
the region around AERONET site visually appears to be de- 
void of clouds, showing instead, what appears to be a dense 
smoke layer. For this particular aerosol event the standard 
OMAERUV algorithm reported AOD 5.71 which is more 
than double the AERONET measurement (2.35). The cloud 
fraction estimated by MODIS aerosol algorithm is nil which 
further provides evidence of no clouds over the AERONET 
site. Similar results were noted for other OMI-AERONET 
collocated cases. Certainly, the sub-pixel could contami- 
nation in a given OMI pixel cannot explain the large over- 
estimation seen in the standard OMAERUV product. 

4 Aerosol spectral absorption effects 

It has been discussed in the previous section that the ob- 
served large AOD overestimate cannot be explained as the 
result of assumptions on retrieval conditions, surface albedo, 
cloud contamination, or the height of aerosol layer. We will 
now examine the effect of the assumption on no-spectral de- 
pendence of the imaginary component of the refractive in- 
dex which is an implicit assumption that BC is the main ab- 
sorbing component. A parameter known as the Absorption 
Angstrom Exponent or AAE (Bond, 2001; Bergstrom et al., 
2007; Russell et al., 2010) is commonly used to describe 
the spectral dependence of the aerosol absorption optical 
depth (AAOD) in a similar way that the Extinction Angstrom 


MODI RG0 Sutn* t - Alr« Fltrr 

,in>doUAOUV »OOHi3^at| on 

jtOKWtTMD|HWnm| «3U 

MCM*00(«wl>ni| * 1 !•! (ClOUC.. UK) 

CHUBtUVVWDIntiml >UI 



Fig. 3. A subset of MODIS true-color RGB of size 5° by 5° over the 
Alta Floresta region for 19 September 2005. A box of size 0.5° by 
0.5° (dashed line) shown at the center of the image is the region over 
which the OMAERUV retrievals were extracted for the comparison 
with AERONET. The AOD derived by the standard OMAERUV, 
AERONET, MODIS, and new OMAERUV algorithms for this re- 
gion is given at the top of the plot. 

Exponent is used to describe the spectral dependence of the 
aerosol extinction optical depth. The AAOD is related to the 
wavelength (X) of the incident light by a power law fit given 

by. 

AAOD = U~ aae (1) 

where, AAE is the slope of AAOD-wavelength relation in 
log-log space, and k is the intercept of this relation. Theo- 
retically, aerosol types that exhibit a wavelength independent 
AAOD yield AAE of 1.0 (Bond, 2001). The larger the AAE 
the steeper the slope of the AAOD-X relationship. Values 
larger than unity indicate spectrally dependent absorption, 
and can be used to infer aerosol composition. The AAE for 
black carbon or soot emitted from high-temperature combus- 
tion processes such as vehicle emission and urban/industrial 
aerosols whose wavelength-dependence of absorption can 
be approximated as X -10 in the UV-visible range (Bond, 
2001; Bergstrom et al., 2002; Kline et al., 2004; Bond and 
Bergstrom, 2006). The original assumption of no spectrally- 
dependent absorption in the carbonaceous aerosol models 
used in the OMAERUV algorithm implies that BC is consid- 
ered to be the aerosol component driving the observed spec- 
tral absorption signal in the near UV. We will now examine 
the adequacy of this assumption. 
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Table 2. The imaginary component of refractive index and associated absorption angstrom exponent (a a bs) for nil, 20 % and 30 % spectral 
dependence between 354 and 388 nm. 


No Spectral Dependence 

20 % Spectral Dependence 

30% Spectral Dependence 

Img. Ref. Index 388/354 

a abs | 

Img. Ref. Index 388/354 

a abs 

Img. Ref. Index 388/354 

a abs 

0.048/0.048 

1.01 

0.048/0.0576 

2.49 

0.048/0.0624 

3.12 

0.040/0.040 

1.03 

0.040/0.0480 

2.54 

0.040/0.0520 

3.20 

0.030/0.030 

1.06 

0.030/0.036 

2.62 

0.030/0.0390 

3.29 

0.020/0.020 

1.07 

0.020/0.024 

2.67 

0.020/0.0260 

3.37 

0.010/0.010 

1.11 

0.010/0.012 

2.84 

0.010/0.0130 

3.60 

0.005/0.005 

1.13 

0.005/0.006 

2.92 

0.005/0.0650 

3.70 

0.000/0.000 

N/A 

N/A 

N/A 

N/A 

N/A 


4.1 Sensitivity analysis 

The relationship between AOD and the wavelength depen- 
dent imaginary refractive index in the near UV was exam- 
ined by a sensitivity analysis using radiative transfer calcula- 
tions. Simulated radiances at 354 at 388 nm for several cases 
of spectrally dependent imaginary refractive index and at- 
mospheric aerosol load were used to calculate the Aerosol 
Index. Table 2 lists the corresponding AAE as a function 
of 388 nm imaginary refractive index. The spectral slope 
in aerosol absorption was created by increasing the imagi- 
nary refractive index at 354 nm while keeping it constant at 
388 nm. The 0 % spectral dependence in the imaginary index 
yields AAE values of about 1, whereas larger AAE values 
between about 2.5 and 3.0 and between 3.1 and 3.7 are asso- 
ciated with the 20 % and 30 % spectral dependence respec- 
tively. Figure 4 displays the calculated AI as a function of 
AOD for the three assumptions of the spectral dependence in 
the imaginary index in the near-UV, i.e. for “gray” aerosols, 
and “colored” aerosols with 20% and 30% dependence re- 
spectively. Also given in the plot is the corresponding AAE 
value for each case. In all three cases, AI increases monoton- 
ically with AOD, however, the magnitude of the AI increases 
as the spectral dependence becomes larger. With the assump- 
tion of wavelength-dependent aerosol absorption, AI is found 
to be significantly higher than that computed with spectrally 
independent absorption for the same values of AOD. A sim- 
ilar result was also noted by de Graaf et al. (2005). This 
means that for a given observed value of AI, different AAE 
assumptions will result in distinct values of AOD. For in- 
stance, for an observed AI value of 2.0, the AOD derived as- 
suming 30 %, 20 % and wavelength independent absorption 
would be about 0.55, 0.77, and 2.25 (also shown in the plot). 
Thus with the assumption of “colored aerosols” (i.e. spec- 
trally dependent absorption), the OMI near-UV observations 
can be explained with lower AOD than the ones required if 
the gray aerosol assumption is used. The result of this analy- 
sis suggests that the near-UV retrieval of AOD is highly sen- 
sitive to the assumption about spectral aerosol absorption. 



Fig. 4. UV Aerosol Index as a function of aerosol optical depth for 
varying spectral dependence of the aerosol absorption in the range 
354-388 nm. An arbitrary value of UV-AI (2.0) and its correspond- 
ing values of AOD (0.55, 0.77, and 2.25) are also shown. 


4.2 Ground-based evidences of wavelength-dependent 
aerosol absorption 

Based on the results of the sensitivity analysis in the previous 
section we developed a new carbonaceous aerosol model in 
which the presence of OC is accounted for by allowing for 
spectral dependence of the imaginary refractive index. The 
choice of the AAOD-A. spectral slope was based on available 
ground-based observations as briefly reviewed here. 

Bergstrom et al. (2007) discussed the results on the spec- 
tral absorption properties of aerosols derived during sev- 
eral major field campaigns (TARFOX 1996, SAFARI 2000, 
PRIDE 2000, ACE Asia 2001, ICARTT 2004) conducted 
over different regions of the world to sample distinct aerosol 
mass. It was found that, in general, the AAE was near unity 
for urban pollution (TARFOX and ICARTT) and about 2.0 
for biomass smoke (SAFARI 2000). Although, the spectral 
aerosol absorption optical depth yielded AAE which appears 
to be spectrally independent, it was pointed that AAE in the 
UV may be different than in the visible. Russell et al. (2010) 
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used AERONET-derived columnar absorption aerosol opti- 
cal depth (in the range 440-1 020 nm) to deduce the AAE 
over several sites that are representative of different aerosol 
types. They highlight that the AAE is a strong indicator of 
type of aerosols since the wavelength dependence of aerosols 
is strongly influenced by their chemical and size composi- 
tion. They found that the AAE values are near 1 for aerosol 
dominated by urban-industrial aerosols (largely containing 
black carbon), with larger values of AAE for biomass burn- 
ing, and highest AAE values for Saharan dust aerosols. The 
AAE in the range 440-670 nm was ~1 .5 for the Amazonian 
forest and South American Cerrado, which are the regions of 
interest in the present study. 

Several near-UV-specific studies directly relevant to OMI 
observations have also been conducted. From the work of 
Kirchstetter et al. (2004) it can be deduced that the AAE 
exponent in the range 350-to-400nm for biomass burning 
aerosols samples collected during SAFARI 2000 was about 
2.8. In a related study, Hoflfer et al. (2006) measured AAE’s 
as high as 6-7 in the visible to UV range for the humic- 
like substances (HULIS) isolated from the biomass burn- 
ing aerosol samples collected over the Amazon basin dur- 
ing LBA-SMOCC. Due to steep increase in the specific ab- 
sorption from visible to UV, HULIS contribute up to 50 % 
to the total light absorption at 300 nm and 20-30% be- 
tween 350-400 nm. The later is relevant wavelength range 
for the OMI aerosol retrievals. Information on the spec- 
tral dependence of absorption by biomass burning aerosols 
specific to South America was also obtained from mea- 
surements of the columnar aerosol absoiption at UV wave- 
lengths using ground-based UV Multi-filter Rotating Shad- 
owband Radiometer (UV-MFRSR) in Santacruz (Bolivia) 
during the intense biomass burning season of September 
2007 (N. Krotkov, personal communication, 2009). In this 
field campaign direct sun and diffuse sky measurements 
were used to derive columnar single-scattering albedo (SSA) 
and aerosol absorption optical depth using the approach dis- 
cussed by Krotkov et al. (2005). AAE values between 2.8 
and 3.3 were obtained for the 332-368 nm wavelength range. 

On the basis of the above discussed observational evi- 
dence the spectral slope associated with a 20 % increase in 
the 354 nm imaginary refractive with respect to the value at 
388 nm was adopted. This assumption yields AAE values 
that vary between 2.5 and 3.0 depending on the seven car- 
bonaceous aerosol models used in OM AERUV. The resulting 
AAE’s are therefore consistent with existing measurements 
and with more recently reported observations over the Ama- 
zon Basin (Rizzo et al., 201 1). Using the selected model of 
near UV spectral absorption a new set of look up tables was 
calculated, and used in a research version of the algorithm to 
carry out the retrievals over the Amazon Basin. 


a ■ 



AERONET AOO 388 nm (interpolated) 


Fig. 5. Comparison of the new OMAERUV retrieval of aerosol 
optical depth (y-axis) with that of AERONET (x-axis) at 388 nm for 
the biomass burning region of South America. OMI data with flag 
0 (square) and flag 1 (plus sign) were used in the comparison. The 
dashed lines are pre-calculated uncertainty (larger of 0.1 or 30%) 
in the OMI AOD retrieval. 

5 Evaluation of new OMAERUV aerosol retrievals 
5.1 AOD comparison 

As demonstrated in Sect. 4.1, an increase in the assumed 
spectral dependence of aerosol absorption (or AAE) in the 
forward calculations would reduce the magnitude of re- 
trieved AOD and thus may reduce the observed large bias 
between the satellite derived and the ground-based obser- 
vations. Figure 5 compares the new OMAERUV retrieval 
of AOD at 388 nm with the ground-based observations for 
the seven AERONET sites considered in the study. Note 
that this assessment includes all retrievals with quality flag 
0 and flag 1 for which the measured reflectivity was less than 
20 %. This largely eliminates the possibilities of the presence 
of sub-pixel clouds in given OMI pixels. Unlike the origi- 
nal comparison (Fig. 2), the new validation analysis shows a 
significantly improved agreement between OMAERUV re- 
sults and AERONET measurements. The improvement is 
more significant for the previously labeled flag 1 data for 
which the new AOD is much better aligned with the ground- 
truth. About 70 % of total retrievals with the current quality 
flag 0 and 1 now fall within the pre-estimated uncertainty 
against 25 % retrievals within uncertainty noted in the stan- 
dard OMAERUV-AERONET comparison (see Fig. 2). The 
remaining cases of AOD over-estimation are likely to be a re- 
sult of either sub-pixel cloud contamination or smoke layers 
located above clouds. Note that little change in the retrieval 
accuracy of weakly or non-absorbing aerosol data (flag 0) has 
taken place. A close examination of the validation analyses 
using the BC (Fig. 2) and OC (Fig. 5) assumptions show that 
for AOD values less than 0.5 there is very little difference 
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Fig. 6 . Spatial distribution of monthly mean aerosol optical depth for September 2007 derived from the standard OMAERUV aerosol product 
(left panel) and new proposed retrieval (middle panel). The absolute difference between them is shown in right panel. All three distributions 
are at 0.5° by 0.5° resolution. 


between the two model representations. For AOD values 
larger than about 1 .0 the use of the colored aerosol assump- 
tion does a better job than the grey aerosol approximation 
yielding a large improvement in retrieval accuracy. An anal- 
ysis of Fig. 4 reveals that the assumption of AAE of 2.67 
(or 20 % relative spectral dependence in spectral absorption) 
brings a relative percent change of about 65-70 % in AOD 
lower as well as higher aerosol load with reference to the case 
of AAE equals 1.0. However, the resulting absolute change 
is dependent on the magnitudes of AOD where larger change 
occurs at higher values of AOD. This is probably the reason 
why the largest improvement in the retrieval of AOD appears 
to occur at larger values of AOD. 

The left panel of Fig. 6 shows the spatial distribution of 
standard OMAERUV monthly mean AOD (at 0.5° by 0.5° 
resolution) at 388 nm for September 2007 over South Amer- 
ica. The monthly composite was computed from the current 
OMAERUV aerosol Level-2 retrieval with quality flag 0 and 
1 . Very high values of AOD (~6) over the central Amazonia 
region indicates intense loading of smoke which also extends 
in the eastward as well as southward directions. Note that the 
spatial pattern of aerosols over the western side follows the 
topography of the Andes which act as a barrier and does not 
allow smoke to transverse to the other side. The center panel 
of Fig. 6 shows the spatial distribution of new OMAERUV 
AOD (388 nm) retrieved with the new smoke models. The 
new retrievals of AOD are significantly lower in magnitude 
than that of the standard OMI product with similar spatial 
distribution. The right panel shows the difference in AOD 
(new-standard OMAERUV) where a large reduction in the 
magnitudes of AOD is clearly noticeable. 


5.2 SSA comparison 

Figure 7 shows the comparison of OMAERUV (both stan- 
dard and new retrieval) and AERONET retrieved SSA. 
OMAERUV-retrieved values are converted to 441 nm by per- 
forming interpolation between OMI reported 388 and 500 nm 
values to compare them with AERONET inversions available 
at 440 nm. The interpolated SSA at 441 nm was found to be 
lower than the 388 nm retrievals as expected. This assump- 
tion of black carbon and organics as dominant components 
of smoke models results in SSA spectra in which absorption 
increases from near-UV to visible to near-IR. This is also 
consistent with the findings of other ground-based observa- 
tions (Russell et al., 2010). With the implementation of the 
new smoke models, the new SSA retrievals are found to be 
higher than the standard OMAERUV retrievals. As a result, 
about 70 % of new OMAERUV retrievals agree within the 
estimated uncertainty of the AERONET inversion (±0.03) 
as opposed to 37 % when using the standard gray aerosols 
assumption. 

5.3 Performance of standard and new OMAERUV 
aerosol algorithm over other regions 

The effect of using the new colored smoke aerosol mod- 
els was examined in regions other than the Amazon Basin. 
Biomass burning is a major anthropogenic source of gaseous 
and particulate matter over the southern African region (For- 
menti et al., 2003; Eck et al., 2003). The biomass burning 
season in the central Africa starts in June at about 10° S and 
persists through August. An AERONET sunphotometer in- 
stalled at Mongu (— 15.254° S, 23.151° E) provides a long 
record (from 1 995 to 2007) of aerosol properties. The other 
region of interest is the Indo-Gangetic Plain (IGP), where the 
biomass burning is known to be a major source of aerosols 
during winter (October-January) (Jethva et al., 2005, 2007). 
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Fig. 7. Comparison of the OMI standard (square) and new (plus 
sign) single-scattering albedo retrievals (converted to 441 nm) with 
the equivalent AERONET inversions over the biomass burning sites 
in South America for the period 2004-2008. Dashed lines are the 
uncertainty of ±0.03 in the AERONET inversion. 
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Fig. 8. Comparison of aerosol optical depth at 388 nm retrieved 
by standard (squares) and new (pluses) OMAERUV aerosol algo- 
rithm with the AERONET measurements at Mongu (—15.254° S, 
23.151° E) and Kanpur (26.45° N, 80.35° E) for the period 2004- 
2008. 


This region is unique in terms of its surrounding Himalayan 
topography, weather pattern, and aerosol seasonality. The 
multiyear aerosol data from the AERONET sunphotometer 
at Kanpur (26.45° N, 80.35° E) shows that the aerosol optical 
depth (at 500 nm) ranges between 0.5-0.8 during the winter 
months which are associated with relatively larger Extinc- 
tion Angstrom Exponent (EAE >1). In addition to the local 
sources, transported aerosols from other parts of this region 
also influence the aerosol properties measured by AERONET 
at Kanpur. MODIS-derived fine mode fraction and TOMS- 
and OMI-derived aerosol index show a widespread and per- 
sistent layer of smoke during winter over the region. Due 
to the influence of biomass burning aerosols and availabil- 
ity of good quality AERONET data, the Mongu and Kanpur 
AERONET sites, serve as a good test bed for evaluating the 
current and new assumptions of the spectral aerosol absorp- 
tion assumed in the OMAERUV retrieval. 

Figure 8 compares the co-located AOD retrieved by the 
standard (squares) and new (pluses) OMAERUV algorithm 
with AERONET at Mongu and Kanpur. The OMAERUV re- 
trievals with aerosol type identified as smoke are compared 
with AERONET. Clearly, the AOD retrievals over-estimated 
in the standard algorithm are significantly reduced in mag- 
nitudes such that they fall within the expected uncertainty. 
Overall, the AODs retrieved with the new carbonaceous 
models are in better agreement with those of AERONET. 
The rcot-mean-square error and percentage of pixels that fall 
within the expected uncertainty improve significantly. While 
the RMSE decreases from 0.70 to 0.25, the percentage of pix- 
els falling within expected uncertainty goes up from 40 % to 
56 °/o. The improvement in the retrieval AOD at Kanpur and 
Mongu was mainly observed during the months of October 
and August, respectively when these two regions are known 
to be influenced by the biomass burning. While the largest 


improvement in the AOD retrieval is obtained at larger val- 
ues, a little effect is observed at lower values of optical depth. 
This is consistent with the OMI-AERONET comparison no- 
ticed in the case of biomass burning region in South America. 

6 Conclusions 

The OMI instrument onboard NASA’s AURA satellite re- 
trieves the columnar total aerosol optical depth and single- 
scattering albedo and aerosol absorption optical depth si- 
multaneously at near-UV wavelengths operationally over the 
globe. Since the space-based inversions are based on several 
assumptions made in the retrieval process, an assessment of 
the accuracy of these inversions is required. In this paper, 
we evaluated the OMAERUV products of AOD and SSA 
against the equivalent measurements made by AERONET 
over the biomass burning regions of South America, cen- 
tral Africa, and northern India. The current version of the 
OMI aerosol algorithm tended to over-estimate AOD sig- 
nificantly at near-UV wavelengths for higher aerosol load- 
ing (AOD at 388 nm> 1), when absorption at UV wave- 
lengths also become large as evident from larger magni- 
tudes of UV-aerosol index. The standard OMAERUV al- 
gorithm assumes no spectral dependence in absorption be- 
tween 354 and 388 nm for biomass burning aerosols. Driven 
by the theoretical calculations and ground-based evidences 
on the spectral aerosol absorption (or AAE), a new set of 
aerosol retrievals were carried out using OMI measurements 
with the assumed wavelength dependent absorption that fol- 
lows A -2,5 10 _3 -° between 354 and 388 nm. The new re- 
trievals of AOD were found to be in much better agreement 
with those of AERONET over selected sites. A large im- 
provement in the retrieval of AOD occurs for measurements 
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with higher reflectivity which is associated with large aerosol 
loading and enhanced AI. Due to larger reflectivity at near- 
UV wavelengths, these conditions are currently reported with 
degraded quality flag of 1 . However, an improvement in the 
AOD retrieval with new assumption and coincident OMI- 
MODIS analysis provide necessary justification for these re- 
trie' als to be reported as high quality retrievals. In addition, 
the single-scattering albedo at 388 nm was also retrieved with 
better accuracy. This paper suggests that there clearly is a 
need to incorporate the spectral dependence of absorption at 
UV wavelengths that accounts for the presence of organic 
carbon in the biomass burning aerosols in the future version 
of the OMAERUV aerosol retrieval algorithm. Since the 
presence of organics not just modifies the spectral absorp- 
tion in the near-UV, but also affects the absorption at visible 
wavelengths, it is recommended that a similar analysis be 
carried out to examine the sensitivity to the presence of or- 
ganics in carbonaceous aerosols in the visible region used for 
the AOD retrieval for sensors such as MODIS and MISR. 

The use of limited ground-based information on the spec- 
tral dependence of aerosol absorption and resultant improve- 
ment in the retrieval of OMAERUV AOD and SSA at near- 
UV wavelengths achieved with the new smoke models over 
South America, central Africa, and northern India, indi- 
cate the presence of organics in biomass burning aerosols 
over these regions. The present study is probably the first 
satellite-based assessment that provides an evidence of the 
strong wavelength-dependent absorption in the near-UV re- 
gion, which is a proxy for the presence of organic aerosols, 
through OMI-AERONET comparison. In addition to sug- 
gesting significant improvement in the retrieval of aerosol 
properties from OMI, the present study also demonstrates the 
sensitivity of near-UV measurements to the chemical compo- 
sition of biomass burning aerosols. 

The association between the aerosol types and related 
spectral aerosol absorption (or AAE) has been revealed by 
several important studies in the past decade. Though, in 
general, the spectral dependence of absorption can be ap- 
proximated by a single value of AAE, it may be different 
in the near-UV region than in the visible. For instance, the 
organics-contained carbonaceous aerosols exhibit a steeper 
gradient in absorption in the UV region which provides an 
enhanced spectral signal that can be exploited for the identi- 
fication of organics and black carbon. A possible approach 
would be to use AERONET-measured AODs to constraint 
two-channel OMAERUV retrieval for the derivation of imag- 
inary indices and subsequently AAOD and AAE at near-UV 
wavelengths. This should be explored further in detail. 
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